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SUMMARY 


The blood capillaries in the neurohypophysis and thyroid of the hagfish were 
examined with the electron microscope. It was found that many of the endothelial 
intercellular junctions were open, while others were closed with zonulae occludentes 
and adhaerentes. Thus these vessels resemble those of Amphioxus and the mammalian 
lymphatics, rather than mammalian blood capillaries. 

In spite of there being a considerable amount of thin (< 100 nm) endothelium, no 
fenestrae were seen. The many open junctions would be likely to vitiate the functioning 
of these structures, which can now be seen to have evolved between the hagfish and the 
elasmobranchs. (There was evidence of “channels” of fused vesicles through the endo- 
thelial cells, but these may well have been artefactual and certainly did not resemble 
fenestrae.) 


INTRODUCTION 


There have been few studies of the fine structure of the blood or lymph vessels of 
animals other than mammals (reviewed in: BARBER and GRAZIADEI, 1965; CASLEY- 
SMITH, 1971; KARNOvsKY, 1967), but some tentative generalisations are possible (CASLEY- 
SMITH, 1971). In the chordates there appears to be a progression from vessels lined only 
with a basement membrane (which may be absent over parts of the vessel), to those with 
widely separated endothelial cells, to fully endothelialised vessels with many open 
junctions, to ones with only closed junctions. This progression is seen both as one passes 
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from the peripheral vessels to the central ones in a primitive animal (Amphioxus) and 
as one ascends from the primitive to the more developed vertebrates. It is similar to the 
progression one finds in the mammalian lymphatic system as one passes from the initial, 
peripheral vessels towards the collecting, more central ones (CASLEY-SMITH, 1970a). In 
the invertebrates one sees a similar increase in organisation as one passes towards the 
more central vessels, and towards the more developed animals. However, it appears that 
in these it is the junctions between the pericytes which become united in a manner 
preventing the exodus of large quantities of fluid (BARBER and GRAZIADEI, 1965). In 
general, it would seem that these changes in vascular fine structure are in response to the 
increasing blood pressures in the higher animals, both in vertebrates and in invertebrates, 
particularly in their more central vessels. 

It has been suggested (CASLEY-SMITH, 1971) that even in the elasmobranchs, where 
the endothelium and its junctions have many of the features of mammalian lymphatics 
rather than mammalian blood vessels (CASLEY-SMITH and Mart, 1970), the fish’s swim- 
ming movements may be able to force fluid and large molecules into the vessels via the 
normally closed junctions. This would not be possible in the more advanced fish, with 
their higher blood pressures. While some disagree (KAMPMEIER, 1969), it appears that 
true lymphatics originated in the torpedoes and teleosts (RUSZNYAK, et al., 1967). It is 
probable that the higher blood pressures are the reason behind the lymphatics separating- 
off from the blood vessels, still retaining this ability of their junctions to open; the 
higher pressures in the blood vessels demanded that their junctions should remain closed. 
It is via temporarily open junctions that material enters the lymphatics; the lymph is 
retained within the vessels during compression of the tissues because the junctions tem- 
porarily close (CASLEY-SMITH, 1970a, b). Thus the junctions act as inlet-valves in force- 
pumps. 

In the elasmobranchs, however, many of the visceral organs are too far from the 
body-wall to experience changes in pressure from the swimming movements, so material 
would not be forced into the vessels. Thus, it has been suggested (CASLEY-SMITH, 1971) 
that in these sites fenestrae developed to permit the uptake of large molecules from the 
tissues, which it seems fairly certain is one of their functions (CASLEY-SMITH, 1970c, d, 
1972; CASLEY-SMITH and Mart, 1970). This hypothesis is supported by the presence of 
fenestrae in the large elasmobranchs (CASLEY-SMITH and Mart, 1970), but not in 
Amphioxus (CASLEY-SMITH, 1971) where the many gaps between the endothelial cells 
would render them superfluous and non-functional. In mammals fenestrae are common 
in regions where lymphatics function poorly, by reason of the paucity of these vessels 
or the lack of varying tissue pressures; in muscles, fenestrae are absent and the lymphatics 
function well (CASLEY-SMITH, 1970a, c, d, 1972; CASLEY-SMITH and Mart, 1970; 
RUSZNYAK, et al., 1967). It may be that the presence of both of them in the gut is a result 
of the secondary formation of lymphatics after the development of contractile villi. 
It is of great interest that the leech (Hirudo medicinalis), which has a very unusual and 
possibly “high-pressure™ circulatory system, has also developed fenestrae in its lateral 
sinus (HAMMERSEN and STAUDTE, 1969). It is the only invertebrate which has been 
reported to have this specialization which may well be an instance of Convergent Evol- 
ution. 

To test these hypotheses further, and to establish more accurately the evolutionary 
stages at which the endothelial junctions become normally closed in peripheral vessels 
and at which fenestrae first occur, we investigated the vasculature of the hagfish, which 
lies between amphioxus and the elasmobranchs. There has only been one study on the 
vasculature of a cephalochordate (MUGNAINI and WALBERG, 1965), when closed junctions 
were found in the cerebral capillaries of a Myxine. However these vessels are rather 
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specialised and fenestrae are not found in this site in mammals. Hence we studied the 
vessels in the hagfish neurohypophesis and thyroid. These are likely to be representative 
of the endocrines in general, and they have many fenestrae in mammals CASLEY-SMITH, 
1970c, 1972; Mamo, 1965). 


MATERIALS AND METHODS 


Six thyroids and three neurohypophyses were fixed in phosphate buffered gluta- 
raldehyde, post-fixed in osmium tetroxide, embedded in Epon, and the sections stained 
with lead citrate at pH 10. 


RESULTS AND DISCUSSION 


The capillaries were basically very similar to those of elasmobranchs and the higher 
vertebrates. (The two sites had essentially identical vessels. and are described together.) 
The vessels were fully endothelialised, with many closed endothelial intercellular 
junctions (fig. 1). There were many zonulae adhaerents and occludentes (FARQUHAR 
and PALADE, 1963, figs. 1, 3), however some serial sections showed that these resembled 
maculae rather than zonulae—as do many mammalian z. occludentes (KARNOVOSKY, 
1967). At times even the z. adhaerentes disappeared and the junction was open, usually 
with a gap of some 20-50 nm (figs. 4, 5), but sometimes with as much as 1 um (fig. 6). On 
occasion plasma proteins were seen between the cells. continuous with others in the 
lumen and in the connective tissue (figs. 4, 5). It can be seen then that hagfish support 
the generalisation regarding the presence of open junctions in more primitive chordates. 

The endothelial cells were sometimes quite wide, with many vesicles (figs. 1, 3, 6). 
Occasionally these appeared to unite with both plasma membranes, seeming to form a 
channel through the cell, but with both ends possessing diaphragma (PALADE and 
Bruns, 1968). In the thicker cells the fusion of two or more vesicles was needed before 
such a channel could occur. These may represent true channels through the cells, or they 
may be artefacts of fixation (BRUNs and PALADE, 1968a, b; ELFvin, 1965; PALADE and 
Bruns, 1968); they would seem to contribute little to endothelial permeability in the 
presence of the frequent open junctions. Certainly they do not resemble the fenestrae 
found in the elasmobranchs and higher vertebrates (CLEMENTI and PALADE, 1969; 
CASLEY-SMITH, 1970c, 1972; CASLEY-SMITH and Mart, 1970; Lurt, 1965; Masno, 1965). 
These occur in thin (< 100 nm) endothelium, possess only one diaphragm (if any), and 
have their walls convex towards their centres rather than concave. 

There was a considerable amount of such thin endothelium (~~ 25 per cent) in the 
hagfish capillaries (figs. 2, 7), but no fenestrae were seen. This was in spite of surveying 
some 50 vessels, containing ~ 1500 um of endothelium. Thus one may conclude that 
fenestrae are probably absent from these vessels, and originated in animals between the 
hagfish and the elasmobranchs. Of course it may be that vessels in other organs of the 
hagfish do have fenestrae, but these two endocrines have many fenestrae in higher 
animals and it is likely that they are developed early in these motionless regions. Hence 
their absence here probably implies their absence everywhere. 

This absence of fenestrae, in the presence of vesicles united with both plasma mem- 
branes, argues that such vesicles are not the forerunners of fenestrae, as has been 
postulated (CLEMENTI and PALADE, 1969; ELFVIN, 1965; Lurt, 1965; Magno, 1965). It 
seems that the alternative suggestion (ELFVIN, 1965) of the two plasma membranes fusing 
in a portion of their endothelium is more likely. But even here some alteration in the 
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endothelial cells’ properties must have occurred, since the hagfish had much thin 
endothelium without fenestrae. (Similar fenestrae-less thin endothelium can also be 
found in some blood and lymph capillaries in mammals.) 

The endothelial cells had occasional groups of fibrils (fig. 6), similar to those found 
in higher vertebrates, but not as frequently as in Amphioxus (where they are almost 
certainly contractile). Frequent glycogen particles were seen in the endothelium and in 
the pericytes; this has also been noted in a Myxine (MUGNAINI and WALBERG, 1965). 

The basement membranes varied. Some were quite well developed, but most were 
tenuous, as is seen in Amphioxus (CASLEY-SMITH, 1971), the elasmobranchs (CASLEY- 
SMITH and Mart, 1970) and the lymphatics of mammals (CASLEY-SMITH, 1970a, b). Also, 
as in elasmobranch capillaries and mammalian lymphatics, fine fibrils were sometimes 
attached to the exterior of the endothelium. Pericytes were sometimes seen (fig. 7.), 
and thus must have developed between the stages of Amphioxus, where there are none, 
and the hagfish. 

It can be seen, then, that the hagfish represent a stage between Amphioxus and the 
elasmobranchs in the evolution of the vascular fine structure, just as they do in their 
grosser morphological features. In particular, they have fully endothelialised capillaries, 
which still possess some open junctions; fenestrae have probably not evolved, while 
pericytes have. The removal of large molecules and fluid from the tissues almost certainly 
occurs via the open junctions in the blood vessels. 


ZUSAMMENFASSUNG 


Die Blutkapillaren in der Neurohypophyse und Thyreoidea von Eptatretus stouti 
(Myxinoidia) wurden elektronenmikroskopisch untersucht. Es zeigt zich, daß viele der 
endothelial interzellularen Verbindungen offen, andere dagegen durch Zonulae occlu- 
dentes und adhaerentes geschlossen waren. Somit ähneln diese Gefässe denjenigen des 
Amphioxus und den Lymphgefässen der Säugetiere eher als den Blutkapillaren dieser 
letzten Gruppe. 

Trotz Vorhandensein erheblicher Mengen von dünnem (100 nm) Endothel wurden 
keine Fenestrae gefunden. Viele offene Verbindungen würden wahrscheinlich das 
Funktionieren der untersuchten Strukturen beeinträchtigen, die sich nunmehr als eine 
Evolutionsstufe zwischen den Myxinoidia und den Elasmobranchiern verstehen lassen. 
(Es gab Anzeichen von ,,Kandlen“ fusionierter Bläschen durch die Endothelialzellen, 
doch dürften diese wohl Artefakte gewesen sein und waren auf keinen Fall fenestrae- 
ähnlich.) 


RÉSUMÉ 


Les capillaires sanguins de la neurohypophyse et de la glande thyroïde d’ Eptatretus 
stouti (Myxinoidia) ont été examinés à l’aide du microscope électronique. Il est démontré 
que beaucoup de liaisons intercellulaires endothéliales sont ouvertes, cependant que 
d’autres sont fermées par des zones adhérentes et d’occlusion. Ainsi ces vaisseaux 
ressemblent à ceux de l’ Amphioxus et aux vaisseaux lymphatiques des mammifères plutôt 
qu’aux capillaires sanguins de ce dernier groupe. Il n’a pas été trouvé de fenestrae malgré 
la présence de quantités considérables d’endothelium mince (100 nm). Beaucoup de 
liaisons ouvertes nuiraient probablement au fonctionnement des structures examinées 
que lon peut considérer désormais comme un degré d’évolution entre les Myxinoidia 
et les Elasmobranches. (Il y avait des traces de «canaux » formés de petites bulles 
fusionnées dans les cellules endothéliales, mais ceux-ci devaient être des artefacts et ne 
ressemblaient en aucun cas à des fenestrae.) 
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